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Abstract: As a conformationally restricted amino acid, hydroxy-L-proline is a versatile scaffold for the
synthesis of diverse multi-functionalized pyrrolidines for probing the ligand binding sites of biological
targets. With the goal to develop new inhibitors of the widely expressed amino acid transporters
SLC1A4 and SLC1AS5 (also known as ASCT1 and ASCT2), we synthesized and functionally screened
synthetic hydroxy-L-proline derivatives using electrophysiological and radiolabeled uptake methods
against amino acid transporters from the SLC1, SLC7, and SLC38 solute carrier families. We have
discovered a novel class of alkoxy hydroxy-pyrrolidine carboxylic acids (AHPCs) that act as selective
high-affinity inhibitors of the SLC1 family neutral amino acid transporters SLC1A4 and SLC1A5.
AHPCs were computationally docked into a homology model and assessed with respect to predicted
molecular orientation and functional activity. The series of hydroxyproline analogs identified here
represent promising new agents to pharmacologically modulate SLC1A4 and SLC1A5 amino acid
exchangers which are implicated in numerous pathophysiological processes such as cancer and
neurological diseases.

Keywords: solute carrier superfamily (SLC); alkoxy hydroxy-pyrrolidine carboxylic acids (AHPCs);
computational homology model; SLC1A4 (ASCT1); SLC1A5 (ASCT?2); electrophysiology

1. Introduction

The amino-acid transporters SLC1A4 (ASCT1) and SLC1A5 (ASCT2) are sodium
dependent transmembrane proteins that mediate the exchange of neutral, largely polar L-
amino acids [1-4]. Both transporters belong within a superfamily of organelle- and plasma
membrane-spanning proteins known as solute carriers (SLCs) which transport solutes
independently of ATP hydrolysis, thereby distinguishing them from the ABC transporter
superfamily. SLCs encompass over 400 members across 65 distinct gene families responsible
for transporting an array of biomolecules and essential nutrients, including amino acids,
neurotransmitters, sugars, nucleotides, fatty acids, inorganic ions, drugs, and complex
organic molecules [5,6]. Several SLC families are targets of drugs in clinical use (e.g., SLC6
and/or SLC12 families). Although numerous remaining SLCs are implicated in human
disease, the development of therapeutic agents targeting these specific transporters has
been hindered by incomplete substrate and structural characterization, as well as deficits
in understanding their respective physiologic functions [7], including those of SLC1A4
and SLC1A5. Nevertheless, both novel and traditional small-molecule approaches that
modulate SLC function offer great promise for advancing medicine and diagnostics.
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First characterized and denoted as ASC (Ala, Ser, Cys) based upon their represen-
tative substrates alanine, serine, and cysteine [8], SLC1A4 and SLC1A5 exhibit generally
similar substrate profiles but differ notably with respect to glutamine, a substrate of only
SLC1A5 [1,3,9]. While plasma membrane transport of amino acids mediated by these
proteins is Na*-dependent, it occurs by an obligate substrate exchange mechanism [10]. In
contrast, the other SLC1 paralogs (EAATs 1-5) are acidic amino acid transporters (gluta-
mate/aspartate) that pairs substrate transport to the electrogenic flux of three Na* ions, one
proton, and the countertransport of a potassium ion [11,12]. Despite these distinctions, all
members of the SLC1 family maintain a chloride conductance thermodynamically uncou-
pled to substrate flux. This anion current is the sole measurable current among the neutral
amino acid exchangers of the SLC1 family [10,13].

Noticeable gaps still exist in our understanding of how SLC1A4 and SLC1AS5 partici-
pate in human disease. SLC1A5 is broadly expressed in tissues and maintains homeostasis
of the centrally important amino acid glutamine [3,4]. SLC1A5 has long been a focus of
investigation in cancer pathophysiology, where it is noted to be upregulated in numerous
cancer cell lines by metabolic transcriptional regulators such as c-MYC and the kinase
mTOR, which governs cancer cell proliferation, growth, and survival [14-19]. Blocking
SLC1AS function through CRISPR knockout or mRNA silencing has been shown to sup-
press tumor growth and metastasis, emphasizing the need to develop SLC1A5specific
inhibitors for evaluation as antiproliferative/anticancer agents [20-25].

While SLC1A4 is widely expressed in mammalian tissues, its highest expression is
observed in the brain [1,2]. Underscoring the significance of SLC1A4 within the nervous
system, mutations in the corresponding human gene have been linked to neurological dis-
orders, including cognitive and developmental impairment [26-29]. Besides the exchange
of L-amino acids, SLC1A4 expressed within astrocytes is known to mediate transport of the
neurotransmitter D-serine [30-32], a primary co-agonist of the NMDA receptor. NMDA
receptors are fundamental in excitatory neurotransmission and neuronal plasticity across
the brain. Targeting the transport mechanisms that control reuptake of D-serine presents
a novel therapeutic approach for neuropsychiatric disorders characterized by hyper- or
hypo-functioning NMDA receptors, such as in schizophrenia, PTSD, or depression [33,34].
Moreover, inhibition of SLC1A4 could prove beneficial in conditions involving traumatic
brain injury and Alzheimer’s disease, wherein studies performed with animal models have
demonstrated that D-serine efflux from inflammatory astrocytes can exacerbate NMDA-
mediated excitotoxicity [35-39].

Pharmacologic tools are critically needed to assess the therapeutic benefit of modulat-
ing SLC1A4 and SLC1AD5 transporter function within human-associated diseases. Thus far,
there has been limited progress towards developing selective and/or potent inhibitors of
SLC1A4 or SLC1AS for in vivo or preclinical evaluation. Non-transportable SLC1A5 com-
petitive inhibitors based on L-y-glutamyl-p-nitroanilide, benzyl-serine or benzyl-cysteine
have been reported [40—42]. Although several of these substrate derived analogs initially
demonstrated modest selectively towards SLC1A5, they have little utility as pharmacologic
tools in translational research due to low affinity, poor pharmacokinetic properties, or
inhibition among SLC paralogs. Additionally, ligands based on L-proline have shown
improved affinities for inhibiting SLC1A5 to within the lower micromolar range, where
again activity across other SLC paralogs was not evaluated [43,44].

We sought to generate a new class of SLC1A4 and SLC1AS5 inhibitors with high affinity
and selectivity through employing conformational restriction provided by functionalized
pyrrolidines. The neutral amino acid L-proline does not elicit detectable chloride currents
at concentrations up to 1 mM in oocytes expressing SLC1A4 [1]. Nevertheless, application
of extracellular 300 pM L-proline is capable of inducing heteroexchange release of intra-
cellular radiolabeled ASCT substrates, indicating that it is a transportable substrate [10].
The 4R- substituted alcohol of trans-4-hydroxy-L-proline 2 contributes to an increase in
affinity for SLC1A4 by approximately 20-fold over L-proline [45]. From a synthetic and
computational perspective, pyrrolidines are particularly useful for designing amino acid
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analogs to introduce functional group diversity that occupy unique chemical space and
offer limited rotational freedom, such as analogs of neurotransmitters [46]. We now report
the synthesis, computational docking, and functional characterization of a novel series of
hydroxyproline analogs. Using electrophysiological approaches, we observe that a series
of hydroxyprolines, alkoxy hydroxy-pyrrolidine carboxylic acids (AHPCs), demonstrate
inhibitory activity, targeting SLC1A4 and SLC1AS5 transporters with affinities in the low
micromolar and nanomolar range.

2. Results
2.1. Hydroxy Proline Scaffold

Trans-3-hydroxy-L-proline (3-HP) and trans-4-hydroxy-L-proline (4-HP) were evalu-
ated as substrates of SLC1A4 and SLC1A5 with two-electrode voltage clamp (TEVC) mea-
suring substrate induced SCN™ anion currents, a technique found to be reliable for screen-
ing and characterizing transport kinetics of the SLC1A4 and SLC1AS5 transporters [6,9].
Application of 3-HP or 4-HP to oocytes expressing SLC1A4 or SLC1A5 revealed anion
currents that were concentration dependent and saturable. These dose response curves
were normalized to the maximal response induced by the principal substrate, L-Ala or
L-GlIn, respectively (Figure 1). The dose responses were fit by the Michaelis-Menten equa-
tion (Figure 1A_ SLC1A4: 3-HP K, =13.5 + 1.8 uM; 4-HP K, =17.1 & 0.8 uM; L-Ala Ky
40.0 = 1.8 uM or Figure 1B_ SLC1A5: 3-HP Ky, = 28.6 £ 6.4 uM; 4-HP K, =76.3 + 11.0 pM,
L-GIn Ky, = 47.4 +4.6 uM). For both molecules, there was a higher apparent affinity for
SLC1A4 compared with SLC1A5. Radiolabeled uptake of [H3]L-GIn was dose dependently
blocked by 3-HP and 4-HP, confirming the affinity for SLC1A5. Additionally, 4-HP applied
at 1 mM was used to assess activity at the glutamate transporters SLC1A3 or SLC1ALl.
No TEVC current response or block was observed, which is expected considering both
transporters are known to preferentially transport carboxylic acid side chain L- and D-
amino acids. However, 4-HP did induce currents when applied to the neutral amino acid
transporter SLC38A2 at millimolar concentrations (SLC38A2_4-HP, Ky, = 3.1 mM).

2.2. Design of SLC1A4 and SLC1A5 Inhibitors
Analogs of Hydroxy-L-Proline: Design

As a scaffold, Hydroxy-L-prolines offer appealing targets owing to both their de-
gree of functionalization and conformational restriction afforded through the pyrrolidine
heterocycle. Hydroxyprolines with an array of various stereo- and regiochemical configura-
tions were designed to survey binding orientation/mode and scan for polar interactions
within the orthosteric binding site of SLC1A4 and SLC1A5 (Figure 2). From these con-
cept designs, a series of diverse multi-functionalized pyrrolidines were synthesized from
protected cis or trans-3,4-epoxy-L-prolines including regioisomers of methyl, phenyl or
phenol ether substituted hydroxy-L-prolines, compounds 10[a—d], 12a and 12b; benzyl
or alkyl ether substituted AHPCs, compounds 14[a—f], 17[a—c]; and finally, two 4,4-gem
substituted 4-hydroxyproline derived from the intermediate N-protected 4-keto-proline,
cis-4-methyl-trans-4-hydroxy-L-proline 26, and cis-4-hydroxy-trans-4-methyl-L-proline 27.

Stereochemistry and regiochemistry of 3,4-substituted pyrrolidine products were
established from the fully protected (N-Cbz and benzyl ester) 3,4-epoxy-prolines from
which they were derived. The cis and trans epoxide isomers are easily isolatable allowing
stereochemistry to be determined by 2D-NOE. Our stereo-chemical assignments of both
isomers are consistent with that previously reported [47]. Stereochemistry of geminal
substituted 4-methyl-4-hydroxy-L-proline was deduced directly as the final product via
2D-NOE. Regiochemical assignments of final substituted hydroxyprolines were inferred
by a combination of 2D gradient correlation spectroscopy (gCOSY) for all final products
in addition to 2D-NOE (for 14a, 14b and 17a only). Supplemental Figure S1 illustrates
how the proton assignments and regiochemistry were made from a gCOSY experiment of
example AHPC, trans-3-hydroxy-cis-4-isopropoxy-L-proline 14b. Refer to the experimental
procedures section for full experimental details, procedures, and synthetic schemes.
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Figure 1. The scaffolds 3-HP and 4-HP dose-dependently activate SLC1A4 and mSLC1A5 transporter
currents. (A) SLC1A4 dose response curves for substrate activated anion currents using two-electrode
voltage clamp of Xenopus lavies oocytes (—30 mV). Currents are normalized to the maximum cur-
rent estimated for alanine from the Michaelis-Menten equation fit (In uM; Ala K, = 40.3 £+ 1.8;
3-HP Ky = 13.5 £+ 1.8; 4-HP Ky, = 17.1 £ 0.8). (B) SLC1A5 dose response curve for substrate ac-
tivated anion currents using two-electrode voltage clamp (—30 mV). Currents are normalized to
the maximum current estimated for glutamine from the Michaelis-Menten equation fit (In uM; GIn
Km =474 £+ 4.6; 3-HP K, = 28.6 £+ 6.4; 4-HP K, = 76.3 + 11.0). Extracellular solutions contained
50 mM NaSCN. Inset B: 10 uM*[*H]L-GIn uptake in SLC1A5 is blocked dose-dependently by both
3-HP (ICs50 = 39 uM) and 4-HP (IC5p = 108 uM).
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Figure 2. Multi-functionalized hydroxy-L-proline analog targets to be synthesized and assessed for
inhibitory activity at SLC1A4 and SLC1Ab5. R = any group.

2.3. Synthesis of Hydroxyproline Analogs
2.3.1. N-Cbz-(Cis- or Trans)-3,4-Epoxy-L-Proline Benzyl Ester

To ultimately arrive at hydroxyprolines I-IV (Figure 2), we adapted a route to con-
vert trans-4-hydroxy-L-proline 2 to the protected trans- and cis-3,4-epoxides (8a and 8b)
depicted in Scheme 1 with a slight modification to that previously reported [47]. Briefly, the
amine group of trans-4-hydroxy-L-proline 2 was protected using benzylchloroformate. The
carboxylic acid of N-Cbz-trans-4-hydroxy-L-proline 4 was then benzyl protected with ben-
zylbromide, NayCOs3, Nal, in DMF. Intermediate 5 (N-Cbz-4-tosyl-L-proline benzyl ester)
was obtained through treatment of the protected hydroxy-proline 4 with p-toluenesulfonyl
chloride in pyridine at 4 °C. Substitution of tosylate intermediate 5 was accomplished under
refluxing tert-butyl alcohol with reduced phenyl selenide providing the 4-phenylseleno-
proline intermediate 6. Post isolation, the phenylselenyl pyrrolidine intermediate was
treated with HyO, to obtain the olefin, protected 3,4-dehydro-L-proline 7. Intermediate 7
was then converted to the protected trans- and cis-3,4-epoxy-prolines (8a and 8b; Scheme 1)
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using meta-chloroperoxybenzoic acid (mCPBA) in dichloromethane, with reflux. Both fully
protected trans- and cis-epoxides (8a or 8b) were efficiently isolated in modest yields, ~40%
up to this point within the synthetic scheme and utilized in the following epoxide ring
opening additions under nucleophilic and /or Lewis acid initiated conditions.

OH OH OH 8&0
i iii \
" e —_— —
CoO0 COOH COO0Bn Cbz
3 4 5 COOBn
10
Cbz/Nﬁ\\>
Se COO0Bn
iv \ A Vi 8a
— — _N — +
N Cb
Cbz” COOBN O
COOBn N
7 Cbz”
COOBn

Scheme 1. Synthesis of N-Cbz-trans- and cis-3,4-epoxy-proline-benzyl ester 8a and 8b. (i) ben-
zylchloroformate, 1:1 MeOH:H,O, NaOH, rt; (ii) benzylbromide, Na,COj3, cat Nal in DMF, rt;
(iii) p-toluenesulfonyl-Cl, pyridine, 0 °C; (iv) diphenyl diselenide, NaBH, in tBuOH, reflux;
(v) CH,Cl,, H,O, in H,O, 0 °C-RT; (vi) mCPBA, CH,Cl,, reflux.

2.3.2. Alternative Synthesis of N-Cbz-3,4-Dehydro-L-Proline-Benzyl Ester 7 or
N-Cbz-3,4-Dehydro-L-Proline 7a

Alternative routes to produce 3,4-dehydro-L-prolines were explored through pyrolytic
elimination of methyl xanthate ester pyrrolidine intermediates 4a or 5a, Scheme 2. Briefly,
N-Cbz-trans-4-hydroxy-L-proline 3 was used in an esterification with CS; and iodomethane
using NaH in THF to produce N-Cbz-trans-4-methylxanthate-L-proline 4a. Both 4-methyl
xanthate pyrrolidines 4a and benzyl protected pyrrolidine 5a were successfully converted
to the olefin under microwave heating in an open / unsealed flask, with sodium bicarbon-
ate/or carbonate and water to provide the 3,4-dehydroprolines 7 and 7a with acceptable
yields. Further optimization of this pyrolytic elimination route would be beneficial to
improving yields and to identify alternative conditions that pose a reduced risk of racem-
ization than when using a carbonate base. Although pyrrolidine olefin intermediates 7
and 7a are furnished under Scheme 2 with fewer synthetic steps, Scheme 1 proved to
be amenable for scale-up and was therefore used to generate hydroxyproline analogs
(Figure 2).

S
oA

3 COOH 4a COOH 7a COOH

0

R S

iv N\
N _N
Cbz Cbz
COO0Bn COO0Bn
5a 7

Scheme 2. Alternative synthesis of 3,4-dehydroprolines 7a and 7. (i) NaH, THF, CS,, iodomethane,
22 °C; (ii) H,O, NaHCO3, microwave 100 °C; (iii) benzylbromide, Na,COs, Nal, rt; (iv). HO,
Na,CO3, microwave 100 °C.
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2.3.3. Methyl-, Phenyl-, or Phenol Ether Hydroxyprolines

Alkyl, aryl and phenoxy substituted hydroxyprolines were generated via nucleophilic
addition. As precaution to avoid or minimize racemization of the o- chiral center during
the addition step, free acid pyrrolidine epoxide intermediated 8¢ (Scheme 3) was used.
Treatment of the free acid olefin 7a with mCPBA in DCM under reflux produced the trans-
epoxide 8c in excellent yields with no detectable cis-epoxide. Alternatively, epoxidation
using dimethyldioxirane, generated in-situ, or peracetic acid added in excess also afforded
epoxide 8c, albeit, in low yields. The N-protected substituted hydroxyproline intermediates
9a and 9b or 9c and 9d were obtained from the free acid epoxide pyrrolidine by transforma-
tion of the organolithium reagent to a higher order cyano-cuprate complexation between
two equivalents of organolithium reagent and CuCN (Scheme 3; iii) [48,49]. The resulting
intermediates, three or four substituted N-protected hydroxyprolines, were recovered in
crude-yields of 90-95% and the regioisomers were isolated via reverse phase HPLC in
ratios of nearly 1:1.

9a, 9b, 10a, 10b: R = methyl 1OH \OH
9c, 9d, 10c, 10d: R = phenyl - _N v *H,N
Z
0 COOH Co
Q; " 9a, 9c 10a, 10c
/N —_—
Cbz + OH OH
gc , COOH E E
R R
i /N \ *H Q<
/ I Bt
1:1(9a:9b) COOH COO
N _ A\ 1:1(9c:9d) 9b od 10b, 10d
|
N NG
Cbz~ Cbz/N
7 COOBn 75 COOH OPh OPh
o i
; [ Dwon +H2Q OH
Cbz .
e " 11 COOH 124 €00
oz * OH OH
gc COOH )
K OPh v N OPh
Cbz .
12:1(1a: 1) 11p COOH 126 SO0

Scheme 3. Synthesis of alkyl, aryl, or phenol ether hydroxyprolines: (i) KOH, THF:H,O, 0 °C;
(i) mCPBA, CH,Cly; (iii) 2 eq. RoCu(CN)Lip, EtpO, —40 °C under Arg; (iv) sodium phenoxide in
THE, 0 °C-rt; (v) 10% Pd/C (10% weight. eq), 40 psi Hy, MeOH, H,O, and NH4OAc. 9a, 9b, 10a, 10b;
R = methyl. 9¢, 9d, 10c, 10d; R = phenyl.

Similarly, the N-protected phenoxy intermediates, 11a and 11b, were obtained from
the free acid trans-epoxide 8c under basic conditions via addition of sodium phenoxide
with regioisomeric ratios of 12:1, 3-hydroxy: 4-hydroxy, respectively, with modest yields
of ~80%. Hydrogenolysis of the N-benzylcarbamate (Cbz) intermediates 9a—d, 11a, and
11b in AcOH and subsequent separation of the regioisomers via C18-reverse phase HPLC
afforded the final hydroxyproline products 10a-d, 12a, and 12b.

2.3.4. Alkoxy Hydroxy-Pyrrolidine Carboxylic Acids (AHPCs)

Ether substituted hydroxyprolines were synthesized and explored as potential in-
hibitors of the SLC1A4/5 transporters. Assembly of this series was accomplished by
BF3eEt,O initiated nucleophilic ring opening of epoxide 8a or 8b with a primary alcohol
and subsequent Pd-catalyzed hydrogenolysis to produce trans-hydroxy 14(a—f) or, alterna-
tively, to produce cis-hydroxy products 17 and 18 following ester hydrolysis, separation of
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Cbz

8b

O

COOBn

the regioisomers, and finally hydrogenolysis (Scheme 4) (as specified in supplementary).
Nucleophilic addition of alcohols catalyzed with BF3eEt,O provided superior yields com-
pared to addition attempts initiated with p-toluenesulfonic acid that produced byproducts,
including fortuitous addition of the tosylate ester later utilized to produce (2S,3R,45)-3-
hydroxy-4-phenoxypyrrolidin-2-carboxylate 12¢, see Supplemental Figure 54. Ring opening
of trans-epoxide 8a under BF;eEt,O initiated alcohol nucleophilic addition produced one
regioisomer exclusively, the N-Cbz-trans-3-hydroxy-cis-4-ether-L-proline benzyl ester 13.
Whereas the ring opening of the cis-epoxide 8b produced both regioisomer intermediates
15 and 16 in ratios, 8:1 (as approximated by 'H NMR) (Figure S5), greatly favoring the
3-positioned alcohol intermediates 15(a—c), consistent with azide or HCl ring opening of
these epoxides [47,50]. Separation of these regioisomers was carried out by reverse phase
HPLC following hydrolysis of the benzyl ester with KOH or just after hydrogenolysis.
Of note, though not fully explored, we observed that cis-3-alkyl-ether-trans-4-hydroxy-L-
proline isomers 14 may also be obtained from free acid frans-3,4-epoxy-proline 8c (Scheme 3)
via BF3eEtO initiated addition under similar conditions. Benzyl carbamate deprotection
of ether substituted intermediates 13, 15, or 16 was again accomplished via palladium
catalyzed hydrogenolysis under Hj (4 affording final products 14, 17, or 18. Importantly,
we found that selective hydrogenolysis could be achieved via addition of ammonium ac-
etate (NH4OAc) as an amine-based inhibitor of debenzylation during palladium catalyzed
hydrogenolysis [51,52].

OR OR
y i ’
Cb N o > "HoN on
Z
COOBn COO
13(a-f) 14(a-f)
‘R=methyl :
OR OR 13a, 14a, 15a, 16a, 172, 18a |
OH i &iii or il OH moei |
_N *H,N R = isopropyl !
Cbz > 2 113b, 14b, 15b, 16b, 17b, 18b !
COOBn Coo :
15(a-c) 17(a-c) 'R = benzyl |
— + 1 13c, 14c¢, 15¢, 16¢, 17¢, 18¢c !
OH OH ! ;
OR — “OR | ;
Cbz HzN 'R =biphenyl - 13¢, 14e !
COOBn coo , i
16(a-c) 18(a-c) R = dipheny! ether - 13f, 14f

Scheme 4. Synthesis of ether substituted AHPCs. (i) BF3-Et,O, CH,Cl,, desired primary alcohol
(HOMeR), 22 °C; (ii) KOH, THF, H,O; (iii) 10% Pd/C (10% weight. eq.), Hp, MeOH, H,O, *NH,; ~OAc
(0.5 eq). 13-18 (a) R = methyl; 13-18 (b) R = isopropyl; 13-18 (c) R = benzyl; 13-14 (d) R = naphthyl;
13-14 (e) R = biphenyl; 13-14 (f) R = diphenyl ether.

2.4. Pharmacology, Functional Screening of Substituted Hydroxyprolines
2.4.1. Hydroxyproline Analogs Inhibit SLC1A4 and SLC1A5

Inhibitors of SLC1A5 have been shown to block an anion leak conductance [13].
Benzyl- or alkyl- 4-ether-substituted 3-hydroxyproline diastereomers of an (25,3R,4R)
configuration, e.g., 14b or 14c¢, block the anion conductance in both SLC1A4 and SLC1A5
(Figure 3) resulting in an inward current as opposed to the expected outward current
induced by substrates with extracellular “SCN buffer (methods). The currents induced by
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substrates and blocked by hydroxyproline analogs shared a reversal potential shown in the
current/voltage relationship consistent with the conductance originating from the same
ion pore (Figure 3, inset). A more pronounced current was inhibited in SLC1A5, suggesting
a larger anion leak conductance. Particular to AHPCs, each (25, 3R, 4R)-3-hydroxy-4-o-
methyl substituted proline demonstrated a concentration-dependent and saturable block of
the leak current (Figure 3C,D). The observed dose-response relationships are independent
of competing substrates, and thus provide a direct measure of the equilibrium inhibition
constant (K;j). Each synthetic hydroxyproline analog was functionally assessed for its
capacity to inhibit SLC1A4 and SLC1AS5 leak currents with affinities reported in Table 1 as
determined or approximated K.

A . Ala B . GIn
(300 pM) 14b (300 M) 14¢
. | |
"
.
. 15 o®Aa
8 o® (300uM)
LH R 20 nA
) o%s) |50 nA n
€ fiuaa °
R YO 20s 20s
. 0.5 14‘b
o* (3004M)

. 1

membrane potential (mV)

O

o
®

I
max
o
®

°
v

0.2

0 01 1 10 1060 1000 0 01 1 10 100 1000
[drug] uM [drug] uM

Figure 3. AHPCs block a leak current in SLC1A4 and SLC1AS5. (A,B) Representative traces showing
the anion current gated by substrates (L-alanine and L-glutamine) or blocked by the AHPCs 14b or
14c (at 300 uM) for SLC1A4 and SLC1AD5, respectively. Inset (A): The current and voltage relationship
for SLC1A4 currents activated by Ala or blocked by 14b are determined by subtracting voltage jumps
in buffer. The leak currents observed with SLC1A4 and SLC1A5 possess a saturable block (C,D),
revealed through increasing concentrations of 14e (down triangle), 14f (diamond), 14b (square),
14c¢ (up triangle), 12a (wedge), and 14a (circles). The 50% block is considered the K; of binding for
non-transportable ligands.
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Table 1. Hydroxyproline K; values for SLC1A4 and mSLC1A5. Values were calculated from the
dose-response of blocked anion conductance. Compounds tested only once are shown without
standard error.

Compound No. Structure SLC1A4 K; (uM) SLC1A5 K; (uM) Compound No. Structure SLC1A4 K; (uM) SLC1A5 K; (uM)
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2.4.2. BPOHP Pharmacology

We further characterized the highest affinity blocker discovered from our AHPC series,
biphenyl-O-hydroxy-proline (BPOHP, 14e). Radiolabeled [*H]L-alanine (1 pM) was used
to monitor both uptake as well as transporter exchange. BPOHP blocked [*H]L-alanine
uptake with a slightly lower yet comparable affinity as determined from inhibition of
the anion leak current for SLC1A4 (Figure 4A: ICsg = 128 nM). To determine whether
BPOHP was a substrate or non-transportable blocker, [*H]L-alanine was preloaded into
oocytes expressing SLC1A4 or SLC1A5 followed by trans-stimulation to demonstrate 1 mM
L-alanine, unlike 3 pM BPOHP, induces exchange (Figure 4B). To investigate the nature
of BPOHP competitive binding at SLC1A4, we measured L-alanine dose responses in the
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presence and absence of BPOHP. A respective right shift in the substrate dose response
was apparent with increasing concentrations of BPOHP (Figure 4C). A Schild analysis,
plotting the log plot of the dose ratio vs a log of inhibitor concentration, revealed a linear
relationship, characteristic of competitive inhibition (Figure 4D, Kg = 120 nM).
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Figure 4. BPOHP 14e characterization as a competitive, non-transportable inhibitor. (A) SLC1A4
injected oocytes where [®H]L-alanine uptake is blocked by BPOHP (IC5p = 128 nM). (B) Radiolabeled
[®H]L-alanine exchange for SLC1A4 and SLC1AS5. Exchange was normalized to the amount induced
by 1 mM L-alanine. No exchange was detected in the presence of 3 uM BPOHP. (C) L-alanine dose—
response curves for SLC1A4, showing the right shift with increasing concentrations of BPHOP (0,
0.1, 0.3, 1 uM). (D) A Schild plot showing a linear relationship between [L-ala] dose ratio and four
different concentrations of BPOHP, consistent with competitive inhibition.

BPOHP activity was evaluated against the glutamate transporters paralogs within the
SLC1A gene family (SLC1A 1-3) as well as at neutral amino acid transporters that share
common ligand substrates with the SLC1 family including SLC38A1,2, and 4 (ATA1, ATA?2,
ATAB3) and heteromeric transporters SLC7A10+SLC3A2 (asc-1/4f2). Using TEVC, BPOHP
did block a 10 uM glutamate current at higher concentrations with the largest overlap with
EAAT?2 (Figure S2—ICs( for EAAT1 = 2.45 uM, EAAT?2, 1.2 uM, and EAAT3 = 25.3 uM).
Oocytes expressing SLC38A1,2, and 4 transporters produce electrogenic coupled currents
in response to L-alanine (100 uM); these currents showed no discernible block at 3 uM
BPOHP. Finally, radiolabeled [*H]D-serine uptake was used to assess the electroneutral
SLC7A10+SLC3A2 transporter, in which 10 pM BPOHP had no effect (Figure S3).

2.5. Computational Docking

Docking suggests AHPC orientation within the substrate ligand binding pocket/orthosteric
site. Synthetically generated AHPCs were compared through computational docking
within a SLC1A5 homology model derived from a ligand bound co-crystal structure of
Gltpp, 2NWW [53]. The first AHPC with an observable K; for SLC1A4 and SLC1A5 below
100 uM, 14¢, was docked into the SLC1A5 homology model positioning the pyrrolidine
amine in contact with the B-carboxylic acid of D476 (D464, human equiv.) on transmem-
brane 8 (TMS, green) and to the nearby T480 (Figure 5A, purple). The a-carboxylic acid of
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14c aligned near the primary amide of nearby N483 (human equiv. N471) on TM8 and serine
backbone amide proton (5365) of the HP1 loop (blue). Moreover, the (3R)-alcohol of AHPC
14c aligns for a polar interaction with the thiol of C479 (human equivalent C467). Within
this binding orientation, the limited conformational freedom afforded by the pyrrolidine
ring only permits the benzyl ether moiety of 14c to position over methionine M399 between
the «-helix of transmembrane seven (TM7a; teal) and the HP2 loop (red), a comparable
outward-facing conformation observed with the SLC1 family [54]. Conversely, although
the benzylic ether orientates within a plausible hydrophobic pocket perpendicular the
phenyl ring of F405 (Figure 5A) [55], docking solutions of cis-3-hydroxy-trans-4-benzyloxy-
L-proline 17¢ (yellow), an inactive diastereomer, do not depict feasible polar interactions
with C479. Like 17¢, docking of diastereomer (25, 3R, 45)-3-hydroxy-4-phenoxy proline
12¢ into our homology model positions the phenoxy substituent adjacent to the aromatic
ring of F405, though unlike 17¢ places the 3R-alcohol within range to interact with C479, as
comparable to 14c. Taken together, our experimental results, electrophysiologic recordings
and computational docking, underscore the contribution to ligand binding afforded by
polar interactions with the C479 thiol and/or engagement with the hydrophobic pockets
near residue F405 or adjacent to methionine M399.

B

P

Figure 5. Molecular docking: (A) AHPC 17c¢ (yellow) and 14c (purple) overlay docked (Autodock
4.2) into an SLC1A5 homology model illustrating two probable hydrophobic pockets, one near
phenylalanine F405 and the other on above methionine M399 on TM7 (teal). (B) A surface vacuum
electrostatics rendering (Pymol) of SLC1A5 depicting high affinity compound 14e docked into the
putative ligand binding site within an outward-facing conformation.

Computational docking of our highest affinity inhibitor 14e predicts a hydrophobic
pocket that extends from M399 and along TM7 « (Figure 5B) and total free energy of binding
of (—(8.3-8.7) kcal/mol). The orientation and position of 14e is consistent with the docking
solutions for 14c where again the (3R)-alcohol is in contact with C479, the pyrrolidine amine
is positioned with contacts between D476 and T480, and the a-carboxylic acid interacting
with the primary amide of N483 and serine amide (5365) backbone of HP1. Consistent with
the experimentally determined affinities, reported in Table 1, the larger arene substituted
AHPCs, 14d-f, are predicted to bind within the ligand binding pocket of SLC1A5 more
favorably (lower calculated free energy of binding) than the unsubstituted benzylic-ether
of 14c.

3. Methods
3.1. Chemicals and Reagents

[*H]L-Alanine and [3H]L—g1utamjne were purchased from Dupont NEN (Boston, MA, USA).
cis-4-hydroxy-L-proline (1), trans-4-hydroxy-L-proline (4-HP, 2), trans-3-hydroxy-L-proline
(3-HP), and benzyl alcohols were obtained from Acros Organics (Morris Plains, NJ, USA).
LC-MS grade acetonitrile for HPLC was obtained from EMD Chemicals USA (Gibbstown,
NJ, USA). All other chemical reagents were purchased from Acros Organics (Morris Plains,
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NJ, USA). All ACS reagent grade EMD brand solvents were purchased from VWR Interna-
tional (Radnor, PA, USA). Separation of regioisomers and isolation of final products were
performed on a HPLC C18, 250 mm x 21.2 mm, 10 pm column using a Waters 486 Tunable
Detector (Millipore Inc. Milford, MA, USA) and a Milton Roy constaMetric 3000 pump. Full
experimental details are reported in the experimental section and Supplementary Materials.

3.2. Expression and Functional Testing of Amino Acid Transporters Expressed in Xenopus
Laevis Oocytes

The molecular pharmacology of amino acid transport systems SLC1A1-5 (hEAATS3,
hEAAT2, hEAAT1, SLC1A4 (hASCT1), SLC1A5 (mASCT2), SLC38A1 (hATA1), SLC38A2
(hATA?2), SLC38A4 (hATA3), and SLC7A10+SLC3A2 (hasc-1 + h4f2) were characterized
by heterologous expression in Xenopus laevis oocytes. Radiolabeled uptake and electro-
physiology measurements were made as previously described [10]. Briefly, oocytes were
injected with approximately 50 ng of cRNA transcribed from cDNA. For radiolabeled up-
take competition experiments, oocytes injected with transporter cRNA were incubated over
10 minutes in ND96 buffer with indicated concentrations of [°H]L-alanine or [ H]L-glutamine
(American Radiolabeled Chemicals; 40-60 Ci mmol~!) with or without competing ligands
(1 uM). Uptake was halted by washing 3 times with 4 °C ND96 buffer. Oocytes were then
lysed in 0.1% Triton X-100, and radioactivity was counted via liquid scintillation. Dose
response curves were generated by fitting fractional inhibition (I) to the expression I =
Imax X [inhibitor]/([inhibitor] + ICsp). For radiolabeled heteroexchange assays, oocytes
were incubated for 20 minutes with radiolabeled 100 M [*H]L-alanine (4 pCi/mL) in
frog ringer’s solution. Ligand substrates or non-substrate inhibitors, as indicated, were
then assayed for their capacity to induce exchange/release of intracellular radiolabeled
[*H]L-alanine over 20 minutes by transferring 5 oocytes/well to 500 uL buffer and sampling
the buffer for radiolabeled [*H]L-alanine every 5 min.

Two-electrode voltage clamp (TEVC) transporter currents were recorded with a
GeneClamp 500 amplifier and Digidata 1320A analog—digital interface (Molecular De-
vices, San Jose, CA, USA). Electrodes (0.2-1.0 MQ)) were filled with 3M KClI and the
recording chamber was grounded with an agar bridge. Data were acquired with Axograph
(v1.7.6) and LabChart (v7) and analyzed with Kaleidagraph software (v4.1) (Synergy, Read-
ing, PA, USA). Uncoupled anion currents associated with the transport of substrate and
block of SLC1A4 or SLC1A5 mediated leak conductance were recorded in the presence of
Ringer with 50% substitution of NaCl by NaSCN to amplify the non-transported anion
conductance.

3.3. Computational Models and Docking

SLC1AS5 or SLC1A4 primary sequence (GenBank accession number D85044 or L14595
respectively), was aligned with the Protein Data Bank (PDB) sequence for the archaeal
homologue Gltp}, co-crystallized with non-substrate inhibitor L-threo-f3-benzyloxyaspartate
TBOA, 2NWW.pdb [53]. A SLC1A5 homology model was constructed via sequence align-
ment along 2NWW coordinates using T-Coffee-Fasta alignment [56], (https:/ /tcoffee.crg.
eu/apps/tcoffee/do:expresso (accessed on 1 November 2010) and homology sidechain pre-
diction with SCWRL1.0 (2010)-server (2023, SCWRL4.0, https://bio.tools/scrwl
(accessed on 1 November 2010)). The homology model was then optimized through local
energy minimizations of regions with high steric and electrostatic interference using the
AMBER? force field in SYBYL (Suite, 2010). Energy minimized (SYBYL) hydroxyprolines
were docked into our final homology model using Autodock Tools and Autodock 4.2 [57].
The top ten clusters (poses) from each of three separate docking experiments for each syn-
thesized hydroxyproline were evaluated for their capacity to interact with SLC1A5 residues
C479 and D476. The top scoring poses as determined by Autodock 4.2, lowest predicted —
AG (kcal/mol or kJ/mol) values were assessed and merged into the homology model
for visualization in PyMOL Molecular Graphics-System-Version 1.3, SchrodingerLLC
(New York, NY, USA).
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4. Discussion

Here, we demonstrate the beginnings of a structure—activity relationship (SAR) inves-
tigation of hydroxyprolines as inhibitors of the neutral amino acid transporters SLC1A4
and SLC1Ab5. Both transporters exhibit great promise as biologic targets for therapeutic
intervention due to their respective roles in D-serine transport within brain tissue [30] and
in glutaminolysis in cancerous cells [58]. We discuss, through design and activity-based as-
sessment combined with computational evaluation, the iterative development of a series of
AHPCs that led to the discovery of BPOHP, a first-in-class nanomolar inhibitor of SLC1A4
and SLC1AS5.

Trans-4-hydroxy-L-proline (4-HP), a previously identified substrate for SLC1A5
(ASCT?2) [45], induced our discovery of trans-3-hydroxy-L-proline (3-HP) as a high affinity
substrate of SLC1A4 and SLC1A5. The hydroxyproline diastereomer cis-4-hydroxy-L-
proline 1 did not induce detectable substrate currents and only blocked the leak anion
current above 500 uM. Having observed 3-HP and 4-HP as substrates of SLC1A4 and
SLC1AS5, we launched a synthetic campaign to generate substituted hydroxyprolines that
aid in elucidating crucial molecular interactions and ligand binding mode within the ligand
binding site of SLC1A4 or SLC1A5. Among the first hydroxyproline analogs produced in
this study, (25,3R,4R) trans-3-hydroxy-cis-4-methoxy-L-proline 14a demonstrated modest
inhibitory like activity across SLC1A4 and SLC1A5, K; = 250 uM. Surprisingly, the methyl
analog, trans-3-hydroxy-cis-4-methyl-L-proline 10a, showed no inhibition of transport,
a distinction that may be attributed between the two hydroxyprolines having adopted
different conformations, e.g. envelope vs half-boat, and ring pucker. Of importance,
(3S)-hydroxyprolines 17a, 17b, and 17¢ were also produced, though demonstrated weak
inhibition at SLC1A4 or SLC1A5, K; > 500 uM, and thus, diastereomers of this configuration
were not further pursued.

Initial extension of the (4R)-methoxy substituent of 14a to produce the (4R)-isopropoxy
hydroxyproline 14b did not improve affinity; therefore, nucleophilic addition using
6-membered arenes were explored. Nucleophilic addition with phenol to eventually
produce (3R,4R)-phenoxy hydroxyproline 12a provided a measurable increase in affinity.
However, a noteworthy increase in affinity for SLC1A4 and SLC1A5 came by extension of
methoxy hydroxyproline 14a to arrive at 14¢, a 45-benzyloxy hydroxyproline. Docking of
benzyloxy 14c and phenoxy 12a hydroxyprolines scored comparably within our SLC1A5
model, with predicted binding free energy of ~5.5-5.8 kcal/mol; however, 14c demonstrates
a ~6-fold higher affinity for SLC1A4 and SLC1AS5 than the phenoxy- hydroxyproline 12a
(Table 1). This difference likely stems from greater conformational flexibility afforded
through the methylene-ether connectivity of 14c, allowing the benzyl-arene to position
between the HP2 loop and adjacent hydrophobic residue M399, as observed with ligand
TBOA in the Gltp, model [54].

Previous studies have demonstrated a ~250-fold improvement in affinity for targeting
the SLC1 glutamate transporters through extension of the benzyloxy moiety of TBOA [59].
Similarly, replacement of the aryl-amide moiety of y-aryl-aspartamide inhibitors with
aromatic fluorene or biphenyl substituents significantly increased affinity for the glutamate
transporters [55,60]. Analogously, at SLC1A4 and SLC1AS5, an increase in affinity is also
observed via extension of the benzyl-ether moiety of 14c producing biphenyl-, naphthyl-,
or diphenyl-ether containing analogs. Of the three analogs tested, BPOHP (14e) demon-
strated the highest affinity, inhibiting both SLC1A4 and SLC1A5 transporters. Our docking
results suggest a plausible extended hydrophobic pocket between HP2 and TM7 that may
accommodate arene-substituted analogues of 14d—f of greater size and diversity, e.g., halo-
gen, methyl, methoxy substituted biphenyls, the structurally rigid aromatic fluorene or
numerous heteroarene combinations. Based on our SLC1A5 homology model, our docking
results predict that the hydrophobic pocket near F405 (F393 human equivalent) confers
high affinity binding. Considering that the hydrophobic pocket adjacent to HP2 over F405
is modestly conserved among the various paralogs of the SLC1 family, ligand designs that
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engage with this plausible hydrophobic pocket may afford increased affinity and improved
selectivity profiles.

High resolution structural models for SLC1A4 and SLC1AS5 have been developed [61-63].
These models reinforce our SLC1A5 homology model derived from the archaeal glutamate
transporter. Within the SLC1 gene family, the most potent competitive inhibitors assume a
similar orientation to TBOA in the original Gltpy, crystal structures as does BPOHP docked
into a Gltpy, derived homology model (Figure 5B) [53,54]. Alternative binding pockets
for SLC1AS5 inhibitors have been proposed that occupy a hydrophobic region between
TMD? and HP2 [9,64], however, like 12¢ and 17¢ in which computational docking positions
their respective arenes within this TMD7 /HP2 pocket, these inhibitors exhibit low affinity
for SLC1A4 and SLC1A5. While preparing this manuscript, inhibitors of SLC1A5 of a
similar design to our alkoxy-hydroxyprolines were reported with ligand-bound high-
resolution EM models [43,65]. These reported EM models help validate our docking
solutions with respect to mode of binding within our homology model. We emphasize that
our discoveries and modeling of these hydroxyproline/ AHPC inhibitors targeting SLC1A4
and SLC1A5, as documented in the public domain [66,67], predates these reports and is
yet to be properly referenced/cited. The most potent hydroxyproline analog identified
here, BPOHP, represents a 7-25-fold improvement in affinity for SLC1A4 and SLC1A5 over
ligands previously reported [43,65]. Docking of active AHPC diastereomers of the (3R)-
alcohol configuration suggests a beneficial polar contact with D476 and /or C479 of SLC1A5
that establishes binding within the substrate/ligand binding pocket. Though BPOHP
inhibits the glutamate transporters within the low micromolar range, notably, the other
AHPC:s of the (3R) configuration do not. This nonselective SLC1 inhibition, observed with
BPOHP, may be attributed to entropic contributions resulting from the biphenyl moiety
occupying an adjacent hydrophobic pocket. Conversely, no inhibition was detected with
application of BPOHP among the neutral amino acid transporters from the SLC38 gene
family (SLC38A1, SLC38A2, SLC38A4) or at the SLC7A10 (asc-1) +SLC3A2 (4f2) transporter
(Figure S3).

Although incomplete, our AHPC series has begun to delineate a SAR for non-substrate
inhibitors of the SLC1A4 and SLC1AS transporters and may provide an entry to designing
SLC1 member-selective inhibitors. Among the SLC1 family, L-glutamine is transported
exclusively by SLC1A5 [9,68]. Previous studies have demonstrated that the residue position
R447 within SLC1A1, which confers substrate specificity for glutamate [68] within the SLC1
transporter family, also distinguishes glutamine as a substrate of SLC1A5 in contrast to
SLC1A4 [9]. It is worth noting a second mutation in TMD8 was needed to confer L-GIn
transport within SLC1A4 which the authors hypothesize is a size constraint of the binding
pockets. One possible option in pursuit of SLC1A4 inhibitors might include analogs of
cis-3-phenyl-4-trans-hydroxy-L-proline, 10d. In this regard, we observed that 3-cis-methyl
hydroxyproline 10b demonstrated modest selectivity for SLC1A4 over SLC1A5, which
seems to further improve with an arene substituent as observed with 10d, resulting in
an increased affinity for SLC1A4 and no detectable change in affinity for SLC1A5. Also
noteworthy, the docking of our most active AHPCs, e.g. BPOHP, suggests a polar interaction
between the (3R)-alcohol with C479 of SLC1A5 (C467 in humans). Strategies that modify the
pyrrolidine scaffold of BPOHP to include thiol specific covalent reactive functional groups
might greatly improve inhibition of SLC1AS5 particularly. Collectively, these observations
will inform future ligand design strategies to discover SLC1 member selective inhibitors.

Small-molecule inhibitors of SLC1A5, derived from amino acid substrates, have been
previously identified, including examples that were initially mischaracterized as SLC1A5
inhibitors, such as V-9302 [69]. Moreover, there are purported SLC1A5 agents that demon-
strate broad inhibition across SLC family transporters and/or other off-target effects, which
may obfuscate interpretation regarding how SLC1A4 or SLC1A5 contribute to pathophysi-
ologic processes [69-74]. Such example reports accentuate the importance of full pharma-
cologic characterization of small-molecule inhibitors across the SLC glutamine transporters.
Although, the highest affinity blocker we identified, BPOHP, marks an advancement in
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agents targeting SLC1A4 and SLC1A5 which will inform future design of SLC1 family
modulators. ‘Lead” discovery based on AHPCs will necessitate improvements in drug-like
properties and SLC1 member selectivity before progressing to preclinical or animal model
studies. Continued efforts to develop SLC1A4 and SLC1AS5 lead-like inhibitors will focus
on optimizing selectivity through substitution of the BPOHP arenes moieties or alternative
strategies that explore polar interactions with SLC1A5 residues D476 and/or C479. Besides
SLC1 family transporters, other SLC transporters will be considered for activity-based
evaluation, such as the neutral amino acid transporters from the SLC38A, SLC7A, and
SLC6A gene families which may share similar or overlapping pharmacophores [75].

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/molecules29102330/s1: full experimental details and char-
acterization of new compounds; spectra for all new compounds from Dr. Lyda’s Ph.D. dissertation
are publicly accessible on the University of Montana Scholar Works page: https://scholarworks.umt.
edu/cgi/viewcontent.cgi?article=1961&context=etd (accessed on 13 May 2024).
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AHPC Alkoxy hydroxy-pyrrolidine carboxylic acids
3-HP Trans-3-hydroxy-L-proline

4-HP Trans-4-hydroxy-L-proline

ASC Ala, Ser, Cys-selective transporter

BPOHP  Biphenyl-O-hydroxy-proline, structure 14
gCOSY  Gradient correlation spectroscopy

mCPBA  meta-chloroperoxybenzoic acid

NMDA  N-methyl D-aspartate

PDB Protein Data Bank
SAR Structure-activity relationship
SLC Solute carrier superfamily

TBOA L-threo-3-benzyloxyaspartate
TEVC Two-electrode voltage clamp
™ Transmembrane helix


https://www.mdpi.com/article/10.3390/molecules29102330/s1
https://scholarworks.umt.edu/cgi/viewcontent.cgi?article=1961&context=etd
https://scholarworks.umt.edu/cgi/viewcontent.cgi?article=1961&context=etd

Molecules 2024, 29, 2330 16 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Arriza, ].L.; Kavanaugh, M.P;; Fairman, W.A.; Wu, Y.N.; Murdoch, G.H.; North, R.A.; Amara, S.G. Cloning and Expression of a
Human Neutral Amino Acid Transporter with Structural Similarity to the Glutamate Transporter Gene Family. J. Biol. Chem.
1993, 268, 15329-15332. [CrossRef] [PubMed]

Shafqat, S.; Tamarappoo, B.K,; Kilberg, M.S.; Puranam, R.S.; McNamara, J.O.; Guadafio-Ferraz, A.; Fremeau, R.T. Cloning and
Expression of a Novel Na(+)-Dependent Neutral Amino Acid Transporter Structurally Related to Mammalian Na+/Glutamate
Cotransporters. J. Biol. Chem. 1993, 268, 15351-15355. [CrossRef] [PubMed]

Utsunomiya-Tate, N.; Endou, H.; Kanai, Y. Cloning and Functional Characterization of a System ASC-like Na+-Dependent
Neutral Amino Acid Transporter. J. Biol. Chem. 1996, 271, 14883-14890. [CrossRef] [PubMed]

Kekuda, R.; Prasad, P.D.; Fei, Y.-].; Torres-Zamorano, V.; Sinha, S.; Yang-Feng, T.L.; Leibach, EH.; Ganapathy, V. Cloning of the
Sodium-Dependent, Broad-Scope, Neutral Amino Acid Transporter Bo from a Human Placental Choriocarcinoma Cell Line.
J. Biol. Chem. 1996, 271, 18657-18661. [CrossRef] [PubMed]

Pizzagalli, M.D.; Bensimon, A.; Superti-Furga, G. A Guide to Plasma Membrane Solute Carrier Proteins. FEBS ].
2021, 288, 2784-2835. [CrossRef]

Alexander, S.PH.; Kelly, E.; Mathie, A.; Peters, ].A.; Veale, E.L.; Armstrong, ].F,; Faccenda, E.; Harding, S.D.; Pawson, AJ;
Sharman, J.L.; et al. The Concise Guide to Pharmacology 2019/20: Transporters. Br. |. Pharmacol 2019, 176, S397-5493. [CrossRef]
[PubMed]

Wang, W.W.; Gallo, L.; Jadhav, A.; Hawkins, R.; Parker, C.G. The Druggability of Solute Carriers. J. Med. Chem. 2020, 63, 3834-3867.
[CrossRef]

Christensen, H.N. Role of Amino Acid Transport and Countertransport in Nutrition and Metabolism. Physiol. Rev. 1990, 70, 43-77.
[CrossRef] [PubMed]

Scopelliti, A.].; Font, J.; Vandenberg, R.J.; Boudker, O.; Ryan, R.M. Structural Characterisation Reveals Insights into Substrate
Recognition by the Glutamine Transporter ASCT2/SLC1A5. Nat. Commun. 2018, 9, 38. [CrossRef]

Zerangue, N.; Kavanaugh, M.P. ASCT-1 Is a Neutral Amino Acid Exchanger with Chloride Channel Activity. . Biol. Chem.
1996, 271, 27991-27994. [CrossRef]

Zerangue, N.; Kavanaugh, M.P. Flux Coupling in a Neuronal Glutamate Transporter. Nature 1996, 383, 634—637. [CrossRef]
[PubMed]

Kanai, Y.; Clémengon, B.; Simonin, A.; Leuenberger, M.; Lochner, M.; Weisstanner, M.; Hediger, M.A. The SLC1 High-Affinity
Glutamate and Neutral Amino Acid Transporter Family. Mol. Asp. Med. 2013, 34, 108-120. [CrossRef]

Grewer, C.; Grabsch, E. New Inhibitors for the Neutral Amino Acid Transporter ASCT2 Reveal Its Na*-Dependent Anion Leak.
J. Physiol. 2004, 557, 747-759. [CrossRef]

Fuchs, B.C.; Bode, B.P. Amino Acid Transporters ASCT2 and LAT1 in Cancer: Partners in Crime? Semin. Cancer Biol.
2005, 15, 254-266. [CrossRef] [PubMed]

Fuchs, B.C.; Finger, R.E.; Onan, M.C.; Bode, B.P. ASCT2 Silencing Regulates Mammalian Target-of-Rapamycin Growth and
Survival Signaling in Human Hepatoma Cells. Am. J. Physiol. Cell Physiol. 2007, 293, C55-C63. [CrossRef] [PubMed]

Nicklin, P.; Bergman, P.; Zhang, B.; Triantafellow, E.; Wang, H.; Nyfeler, B.; Yang, H.; Hild, M.; Kung, C.; Wilson, C.; et al.
Bidirectional Transport of Amino Acids Regulates MTOR and Autophagy. Cell 2009, 136, 521-534. [CrossRef] [PubMed]

White, M.A.; Lin, C.; Rajapakshe, K.; Dong, J.; Shi, Y.; Tsouko, E.; Mukhopadhyay, R.; Jasso, D.; Dawood, W.; Coarfa, C.;
et al. Glutamine Transporters Are Targets of Multiple Oncogenic Signaling Pathways in Prostate Cancer. Mol. Cancer Res.
2017, 15, 1017-1028. [CrossRef] [PubMed]

Gao, P; Tchernyshyov, I.; Chang, T.-C.; Lee, Y.-S.; Kita, K.; Ochi, T.; Zeller, K.I.; De Marzo, A.M.; Van Eyk, J.E.; Mendell, ].T,;
et al. C-Myc Suppression of MiR-23a/b Enhances Mitochondrial Glutaminase Expression and Glutamine Metabolism. Nature
2009, 458, 762-765. [CrossRef]

Wise, D.R.; DeBerardinis, R.J.; Mancuso, A.; Sayed, N.; Zhang, X.-Y.; Pfeiffer, H.K.; Nissim, I.; Daikhin, E.; Yudkoff, M.; McMahon,
S.B.; et al. Myc Regulates a Transcriptional Program That Stimulates Mitochondrial Glutaminolysis and Leads to Glutamine
Addiction. Proc. Natl. Acad. Sci. USA 2008, 105, 18782-18787. [CrossRef]

Broer, S. Amino Acid Transporters as Targets for Cancer Therapy: Why, Where, When, and How. Int. . Mol. Sci. 2020, 21, 6156.
[CrossRef]

van Geldermalsen, M.; Wang, Q.; Nagarajah, R.; Marshall, A.D.; Thoeng, A.; Gao, D.; Ritchie, W.; Feng, Y.; Bailey, C.G.; Deng, N.;
et al. ASCT2/SLC1A5 Controls Glutamine Uptake and Tumour Growth in Triple-Negative Basal-like Breast Cancer. Oncogene
2016, 35, 3201-3208. [CrossRef] [PubMed]

Cormerais, Y.; Massard, P.A.; Vucetic, M.; Giuliano, S.; Tambutté, E.; Durivault, J.; Vial, V.; Endou, H.; Wempe, M.F; Parks, S.K,;
et al. The Glutamine Transporter ASCT2 (SLC1A5) Promotes Tumor Growth Independently of the Amino Acid Transporter LAT1
(SLC7ADb). J. Biol. Chem. 2018, 293, 2877-2887. [CrossRef] [PubMed]

Schulte, M.L.; Fu, A.; Zhao, P; Li, J.; Geng, L.; Smith, S.T.; Kondo, J.; Coffey, R.J.; Johnson, M.O.; Rathmell, J.C.; et al. Pharma-
cological Blockade of ASCT2-Dependent Glutamine Transport Leads to Antitumor Efficacy in Preclinical Models. Nat. Med.
2018, 24, 194-202. [CrossRef] [PubMed]


https://doi.org/10.1016/S0021-9258(18)82257-8
https://www.ncbi.nlm.nih.gov/pubmed/8101838
https://doi.org/10.1016/S0021-9258(18)82263-3
https://www.ncbi.nlm.nih.gov/pubmed/8340364
https://doi.org/10.1074/jbc.271.25.14883
https://www.ncbi.nlm.nih.gov/pubmed/8662767
https://doi.org/10.1074/jbc.271.31.18657
https://www.ncbi.nlm.nih.gov/pubmed/8702519
https://doi.org/10.1111/febs.15531
https://doi.org/10.1111/bph.14753
https://www.ncbi.nlm.nih.gov/pubmed/31710713
https://doi.org/10.1021/acs.jmedchem.9b01237
https://doi.org/10.1152/physrev.1990.70.1.43
https://www.ncbi.nlm.nih.gov/pubmed/2404290
https://doi.org/10.1038/s41467-017-02444-w
https://doi.org/10.1074/jbc.271.45.27991
https://doi.org/10.1038/383634a0
https://www.ncbi.nlm.nih.gov/pubmed/8857541
https://doi.org/10.1016/j.mam.2013.01.001
https://doi.org/10.1113/jphysiol.2004.062521
https://doi.org/10.1016/j.semcancer.2005.04.005
https://www.ncbi.nlm.nih.gov/pubmed/15916903
https://doi.org/10.1152/ajpcell.00330.2006
https://www.ncbi.nlm.nih.gov/pubmed/17329400
https://doi.org/10.1016/j.cell.2008.11.044
https://www.ncbi.nlm.nih.gov/pubmed/19203585
https://doi.org/10.1158/1541-7786.MCR-16-0480
https://www.ncbi.nlm.nih.gov/pubmed/28507054
https://doi.org/10.1038/nature07823
https://doi.org/10.1073/pnas.0810199105
https://doi.org/10.3390/ijms21176156
https://doi.org/10.1038/onc.2015.381
https://www.ncbi.nlm.nih.gov/pubmed/26455325
https://doi.org/10.1074/jbc.RA117.001342
https://www.ncbi.nlm.nih.gov/pubmed/29326164
https://doi.org/10.1038/nm.4464
https://www.ncbi.nlm.nih.gov/pubmed/29334372

Molecules 2024, 29, 2330 17 of 19

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Hassanein, M.; Hoeksema, M.D.; Shiota, M.; Qian, J.; Harris, B.K.; Chen, H.; Clark, J.E.; Alborn, W.E.; Eisenberg, R.; Massion, P.P.
SLC1A5 Mediates Glutamine Transport Required for Lung Cancer Cell Growth and Survival. Clin. Cancer Res. 2013, 19, 560-570.
[CrossRef] [PubMed]

Yoo, H.C.; Park, S.J.; Nam, M.; Kang, J.; Kim, K.; Yeo, ].H.; Kim, J.-K.; Heo, Y.; Lee, H.S.; Lee, M.Y,; et al. A Variant of SLC1A5
Is a Mitochondrial Glutamine Transporter for Metabolic Reprogramming in Cancer Cells. Cell Metab. 2020, 31, 267-283.e12.
[CrossRef] [PubMed]

Heimer, G.; Marek-Yagel, D.; Eyal, E.; Barel, O.; Oz Levi, D.; Hoffmann, C.; Ruzzo, E.K,; Ganelin-Cohen, E.; Lancet, D.; Pras, E.;
et al. SLC1A4 Mutations Cause a Novel Disorder of Intellectual Disability, Progressive Microcephaly, Spasticity and Thin Corpus
Callosum. Clin. Genet. 2015, 88, 327-335. [CrossRef] [PubMed]

Damseh, N.; Simonin, A.; Jalas, C.; Picoraro, J.A.; Shaag, A.; Cho, M.T.; Yaacov, B.; Neidich, J.; Al-Ashhab, M.; Juusola, J.; et al.
Mutations in SLC1A4, Encoding the Brain Serine Transporter, Are Associated with Developmental Delay, Microcephaly and
Hypomyelination. J. Med. Genet. 2015, 52, 541-547. [CrossRef]

Srour, M.; Hamdan, FF,; Gan-Or, Z.; Labuda, D.; Nassif, C.; Oskoui, M.; Gana-Weisz, M.; Orr-Urtreger, A.; Rouleau, G.A;
Michaud, J.L. A Homozygous Mutation in SLC1A4 in Siblings with Severe Intellectual Disability and Microcephaly. Clin. Genet.
2015, 88, E1-E4. [CrossRef]

Ratz-Mitchem, M.L.; Leary, G.; Grindeland, A.; Silvius, D.; Guter, ].; Kavanaugh, M.P.; Gunn, T.M. Generation and Characteri-
zation of a Knock-in Mouse Model for Spastic Tetraplegia, Thin Corpus Callosum, and Progressive Microcephaly (SPATCCM).
Mamm. Genome 2023, 34, 572-585. [CrossRef]

Kaplan, E.; Zubedat, S.; Radzishevsky, I.; Valenta, A.C.; Rechnitz, O.; Sason, H.; Sajrawi, C.; Bodner, O.; Konno, K.; Esaki, K.; et al.
ASCT1 (Slcla4) Transporter Is a Physiologic Regulator of Brain D-Serine and Neurodevelopment. Proc. Natl. Acad. Sci. USA
2018, 115, 9628-9633. [CrossRef]

Foster, A.C.; Farnsworth, J.; Lind, G.E.; Li, Y.X,; Yang, ].Y.; Dang, V.; Penjwini, M.; Viswanath, V.; Staubli, U.; Kavanaugh, M.P.
D-Serine Is a Substrate for Neutral Amino Acid Transporters ASCT1/SLC1A4 and ASCT2/SLC1A5, and Is Transported by Both
Subtypes in Rat Hippocampal Astrocyte Cultures. PLoS ONE 2016, 11, e0156551. [CrossRef] [PubMed]

Rosenberg, D.; Artoul, S.; Segal, A.C.; Kolodney, G.; Radzishevsky, I.; Dikopoltsev, E.; Foltyn, V.N.; Inoue, R.; Mori, H.; Billard,
J.M.; et al. Neuronal D-Serine and Glycine Release via the Asc-1 Transporter Regulates NMDA Receptor-Dependent Synaptic
Activity. J. Neurosci. 2013, 33, 3533-3544. [CrossRef] [PubMed]

Coyle, ].T.; Balu, D.; Wolosker, H. D-Serine, the Shape-Shifting NMDA Receptor Co-Agonist. Neurochem. Res. 2020, 45, 1344-1353.
[CrossRef] [PubMed]

Wolosker, H.; Balu, D.T. D-Serine as the Gatekeeper of NMDA Receptor Activity: Implications for the Pharmacologic Management
of Anxiety Disorders. Transl. Psychiatry 2020, 10, 184. [CrossRef] [PubMed]

Orzylowski, M.; Fujiwara, E.; Mousseau, D.D.; Baker, G.B. An Overview of the Involvement of D-Serine in Cognitive Impairment
in Normal Aging and Dementia. Front. Psychiatry 2021, 12, 754032. [CrossRef] [PubMed]

Sherwood, M.W,; Oliet, S.H.R.; Panatier, A. NMDARSs, coincidence detectors of astrocytic and neuronal activities. Int. |. Mol. Sci.
2021, 22, 7258. [CrossRef]

Perez, E.J.; Tapanes, S.A.; Loris, Z.B.; Balu, D.T.; Sick, T.J.; Coyle, ].T.; Liebl, D.J]. Enhanced Astrocytic D-Serine Underlies Synaptic
Damage after Traumatic Brain Injury. J. Clin. Investig. 2017, 127, 3114-3125. [CrossRef]

Li, S.; Uno, Y.; Rudolph, U.; Cobb, J.; Liu, J.; Anderson, T.; Levy, D.; Balu, D.T,; Coyle, ].T. Astrocytes in Primary Cultures Express
Serine Racemase, Synthesize d-Serine and Acquire Al Reactive Astrocyte Features. Biochem. Pharmacol. 2018, 151, 245-251.
[CrossRef] [PubMed]

Tapanes, S.A.; Arizanovska, D.; Diaz, M.M.; Folorunso, O.O.; Harvey, T.; Brown, S.E.; Radzishevsky, I.; Close, L.N.; Jagid,
J.R.; Graciolli Cordeiro, J.; et al. Inhibition of Glial D-Serine Release Rescues Synaptic Damage after Brain Injury. Glia
2022, 70, 1133-1152. [CrossRef]

Albers, T.; Marsiglia, W.; Thomas, T.; Gameiro, A.; Grewer, C. Defining Substrate and Blocker Activity of Alanine-Serine-Cysteine
Transporter 2 (ASCT2) Ligands with Novel Serine Analogs. Mol. Pharmacol. 2012, 81, 356-365. [CrossRef]

Schulte, M.L.; Khodadadi, A.B.; Cuthbertson, M.L.; Smith, J.A.; Manning, H.C. 2-Amino-4-Bis(Aryloxybenzyl) Aminobutanoic
Acids: A Novel Scaffold for Inhibition of ASCT2-Mediated Glutamine Transport Dedicated to the Memory of Eric S. Dawson,
Ph.D. Bioorg. Med. Chem. Lett. 2016, 26, 1044-1047. [CrossRef] [PubMed]

Esslinger, C.S.; Cybulski, K.A.; Rhoderick, ]J.F. Ny-Aryl Glutamine Analogues as Probes of the ASCT2 Neutral Amino Acid
Transporter Binding Site. Bioorg Med. Chem. 2005, 13, 1111-1118. [CrossRef] [PubMed]

Singh, K.; Tanui, R.; Gameiro, A.; Eisenberg, G.; Colas, C.; Schlessinger, A.; Grewer, C. Structure Activity Relationships of
Benzylproline-Derived Inhibitors of the Glutamine Transporter ASCT2. Bioorg Med. Chem. Lett. 2017, 27, 398-402. [CrossRef]
[PubMed]

Ndaru, E.; Garibsingh, R.A.A.; Shi, Y.Y.; Wallace, E.; Zakrepine, P.; Wang, J.; Schlessinger, A.; Grewer, C. Novel Alanine
Serine Cysteine Transporter 2 (ASCT2) Inhibitors Based on Sulfonamide and Sulfonic Acid Ester Scaffolds. J. Gen. Physiol.
2019, 151, 357-368. [CrossRef] [PubMed]

Pinilla-Tenas, J.; Barber, A.; Lostao, M.P. Transport of Proline and Hydroxyproline by the Neutral Amino-Acid Exchanger ASCT1.
J. Membr. Biol. 2003, 195, 27-32. [CrossRef] [PubMed]


https://doi.org/10.1158/1078-0432.CCR-12-2334
https://www.ncbi.nlm.nih.gov/pubmed/23213057
https://doi.org/10.1016/j.cmet.2019.11.020
https://www.ncbi.nlm.nih.gov/pubmed/31866442
https://doi.org/10.1111/cge.12637
https://www.ncbi.nlm.nih.gov/pubmed/26138499
https://doi.org/10.1136/jmedgenet-2015-103104
https://doi.org/10.1111/cge.12605
https://doi.org/10.1007/s00335-023-10013-4
https://doi.org/10.1073/pnas.1722677115
https://doi.org/10.1371/journal.pone.0156551
https://www.ncbi.nlm.nih.gov/pubmed/27272177
https://doi.org/10.1523/JNEUROSCI.3836-12.2013
https://www.ncbi.nlm.nih.gov/pubmed/23426681
https://doi.org/10.1007/s11064-020-03014-1
https://www.ncbi.nlm.nih.gov/pubmed/32189130
https://doi.org/10.1038/s41398-020-00870-x
https://www.ncbi.nlm.nih.gov/pubmed/32518273
https://doi.org/10.3389/fpsyt.2021.754032
https://www.ncbi.nlm.nih.gov/pubmed/34707525
https://doi.org/10.3390/ijms22147258
https://doi.org/10.1172/JCI92300
https://doi.org/10.1016/j.bcp.2017.12.023
https://www.ncbi.nlm.nih.gov/pubmed/29305854
https://doi.org/10.1002/glia.24161
https://doi.org/10.1124/mol.111.075648
https://doi.org/10.1016/j.bmcl.2015.12.031
https://www.ncbi.nlm.nih.gov/pubmed/26750251
https://doi.org/10.1016/j.bmc.2004.11.028
https://www.ncbi.nlm.nih.gov/pubmed/15670919
https://doi.org/10.1016/j.bmcl.2016.12.063
https://www.ncbi.nlm.nih.gov/pubmed/28057420
https://doi.org/10.1085/jgp.201812276
https://www.ncbi.nlm.nih.gov/pubmed/30718375
https://doi.org/10.1007/s00232-003-2041-9
https://www.ncbi.nlm.nih.gov/pubmed/14502423

Molecules 2024, 29, 2330 18 of 19

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Bridges, R.J.; Stanley, M.S.; Anderson, M.W.; Cotman, C.W.; Chamberlin, A.R. Conformationally Defined Neurotransmit-
ter Analogs. Selective Inhibition of Glutamate Uptake by One Pyrrolidine-2,4-Dicarboxylate Diastereomer. |. Med. Chem.
1991, 34, 717-725. [CrossRef] [PubMed]

Kenneth Robinson, J.; Lee, V.; Claridge, T.D.W.; Baldwin, ].E.; Schofield, C.J. Synthesis of (2S, 3R, 4S), (2S, 3S, 4R)-Epoxyprolines
and Aminohydroxyprolines. Tetrahedron 1998, 54, 981-996. [CrossRef]

Lipshutz, B.H.; Kozlowski, J.; Wilhelm, R.S. Chemistry of Higher Order Mixed Organocuprates. 2. Reactions of Epoxides. . Am.
Chem. Soc. 1982, 104, 2305-2307. [CrossRef]

Lipshutz, B.H.; Wilhelm, R.S.; Kozlowski, J.A.; Parker, D. Substitution Reactions of Secondary Halides and Epoxides with
Higher Order, Mixed Organocuprates, R2Cu(CN)Li2: Synthetic, Stereochemical, and Mechanistic Aspects. J. Org. Chem.
1984, 49, 3928-3938. [CrossRef]

Herdeis, C.; Aschenbrenner, A ; Kirfel, A.; Schwabenldnder, F. Synthesis of and from S-Pyroglutamic Acid. Regio- and Diastereos-
elective Ring Opening of Its Derivatives. Tetrahedron Asymmetry 1997, 8, 2421-2432. [CrossRef]

Sajiki, H. Selective Inhibition of Benzyl Ether Hydrogenolysis with Pd/C Due to the Presence of Ammonia, Pyridine or
Ammonium Acetate. Tetrahedron Lett. 1995, 36, 3465-3468. [CrossRef]

Sajiki, H.; Hattori, K.; Hirota, K. The Formation of a Novel Pd/C—Ethylenediamine Complex Catalyst: Chemoselective
Hydrogenation without Deprotection of the O. -Benzyl and N. -Cbz Groups. J. Org. Chem. 1998, 63, 7990-7992. [CrossRef]
Boudker, O.; Ryan, R.M.; Yernool, D.; Shimamoto, K.; Gouaux, E. Coupling Substrate and Ion Binding to Extracellular Gate of a
Sodium-Dependent Aspartate Transporter. Nature 2007, 445, 387-393. [CrossRef] [PubMed]

Canul-Tec, ].C.; Assal, R.; Cirri, E.; Legrand, P; Brier, S.; Chamot-Rooke, J.; Reyes, N. Structure and Allosteric Inhibition of
Excitatory Amino Acid Transporter 1. Nature 2017, 544, 446-451. [CrossRef] [PubMed]

Leary, G.P,; Holley, D.C.; Stone, E.E; Lyda, B.R.; Kalachev, L.V.; Kavanaugh, M.P. The Central Cavity in Trimeric Glutamate
Transporters Restricts Ligand Diffusion. Proc. Natl. Acad. Sci. USA 2011, 108, 14980-14985. [CrossRef] [PubMed]

Di Tommaso, P.; Moretti, S.; Xenarios, I.; Orobitg, M.; Montanyola, A.; Chang, ]J.-M.; Taly, J.-F.; Notredame, C. T-Coffee:
A Web Server for the Multiple Sequence Alignment of Protein and RNA Sequences Using Structural Information and Homology
Extension. Nucleic Acids Res. 2011, 39, W13-W17. [CrossRef]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.]. AutoDock4 and AutoDockTools4:
Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 2009, 30, 2785-2791. [CrossRef] [PubMed]

Liu, Y.; Zhao, T,; Li, Z.; Wang, L.; Yuan, S.; Sun, L. The Role of ASCT2 in Cancer: A Review. Eur. ]. Pharmacol. 2018, 837, 81-87.
[CrossRef] [PubMed]

Shimamoto, K.; Sakai, R.; Takaoka, K.; Yumoto, N.; Nakajima, T.; Amara, S.G.; Shigeri, Y. Characterization of Novel L-Threo
-B-Benzyloxyaspartate Derivatives, Potent Blockers of the Glutamate Transporters. Mol. Pharmacol. 2004, 65, 1008-1015. [CrossRef]
Greenfield, A.; Grosanu, C.; Dunlop, J.; Mcllvain, B.; Carrick, T.; Jow, B.; Lu, Q.; Kowal, D.; Williams, J.; Butera, J. Synthesis and
Biological Activities of Aryl-Ether-, Biaryl-, and Fluorene-Aspartic Acid and Diaminopropionic Acid Analogs as Potent Inhibitors
of the High-Affinity Glutamate Transporter EAAT-2. Bioorg Med. Chem. Lett. 2005, 15, 4985-4988. [CrossRef]

Garaeva, A.A.; Oostergetel, G.T.; Gati, C.; Guskov, A.; Paulino, C.; Slotboom, D.J. Cryo-EM Structure of the Human Neutral
Amino Acid Transporter ASCT2. Nat. Struct. Mol. Biol. 2018, 25, 515-521. [CrossRef] [PubMed]

Garaeva, A.A.; Guskov, A.; Slotboom, D.].; Paulino, C. A One-Gate Elevator Mechanism for the Human Neutral Amino Acid
Transporter ASCT2. Nat. Commun. 2019, 10, 3427. [CrossRef] [PubMed]

Yu, X.; Plotnikova, O.; Bonin, P.D.; Subashi, T.A.; McLellan, T.J.; Dumlao, D.; Che, Y.; Dong, Y.Y.; Carpenter, E.P.; West, G.M.;
et al. Cryo-EM Structures of the Human Glutamine Transporter SLC1A5 (ASCT2) in the Outward-Facing Conformation. eLife
2019, 8, 48120. [CrossRef] [PubMed]

Colas, C.; Grewer, C.; Otte, N.J.; Gameiro, A.; Albers, T.; Singh, K.; Shere, H.; Bonomi, M.; Holst, J.; Schlessinger, A. Ligand
Discovery for the Alanine-Serine-Cysteine Transporter (ASCT2, SLC1A5) from Homology Modeling and Virtual Screening.
PLoS Comput. Biol. 2015, 11, €1004477. [CrossRef] [PubMed]

Garibsingh, R.-A.A.; Ndaru, E.; Garaeva, A.A.; Shi, Y.; Zielewicz, L.; Zakrepine, P.; Bonomi, M.; Slotboom, D.J.; Paulino, C.;
Grewer, C.; et al. Rational Design of ASCT2 Inhibitors Using an Integrated Experimental-Computational Approach. Proc. Natl.
Acad. Sci. USA 2021, 118, €2104093118. [CrossRef] [PubMed]

Lyda, B.R.; Natale, N.R.; Esslinger, C.S.; Kavanaugh, M.P. Novel Inhibitors of the Amino Acid Transporters ASCT1 and ASCT?2.
US20130065935A1, 14 March 2013.

Lyda, B.R. Synthesis of N-3-Aryl-Aspartamides, N-x-Arylamide-Aspartates, and Hydroxy-L-Proline Derivatives as Inhibitors of
Amino Acid for Evaluating the Glutamine / Glutamate Cycle. Ph.D. Dissertation, The University of Montana, Missoula, MT,
USA, 11 February 2011.

Bendahan, A.; Armon, A.; Madani, N.; Kavanaugh, M.P,; Kanner, B.I. Arginine 447 Plays a Pivotal Role in Substrate Interactions
in a Neuronal Glutamate Transporter. J. Biol. Chem. 2000, 275, 37436-37442. [CrossRef] [PubMed]

Broer, A.; Fairweather, S.; Broer, S. Disruption of Amino Acid Homeostasis by Novel ASCT2 Inhibitors Involves Multiple Targets.
Front. Pharmacol. 2018, 9, 785. [CrossRef] [PubMed]

van Geldermalsen, M.; Quek, L.-E.; Turner, N.; Freidman, N.; Pang, A.; Guan, Y.F; Krycer, ].R.; Ryan, R.; Wang, Q.; Holst, J.
Benzylserine Inhibits Breast Cancer Cell Growth by Disrupting Intracellular Amino Acid Homeostasis and Triggering Amino
Acid Response Pathways. BMC Cancer 2018, 18, 689. [CrossRef]


https://doi.org/10.1021/jm00106a037
https://www.ncbi.nlm.nih.gov/pubmed/1671706
https://doi.org/10.1016/S0040-4020(97)10352-0
https://doi.org/10.1021/ja00372a032
https://doi.org/10.1021/jo00195a009
https://doi.org/10.1016/S0957-4166(97)00261-9
https://doi.org/10.1016/0040-4039(95)00527-J
https://doi.org/10.1021/jo9814694
https://doi.org/10.1038/nature05455
https://www.ncbi.nlm.nih.gov/pubmed/17230192
https://doi.org/10.1038/nature22064
https://www.ncbi.nlm.nih.gov/pubmed/28424515
https://doi.org/10.1073/pnas.1108785108
https://www.ncbi.nlm.nih.gov/pubmed/21873219
https://doi.org/10.1093/nar/gkr245
https://doi.org/10.1002/jcc.21256
https://www.ncbi.nlm.nih.gov/pubmed/19399780
https://doi.org/10.1016/j.ejphar.2018.07.007
https://www.ncbi.nlm.nih.gov/pubmed/30025811
https://doi.org/10.1124/mol.65.4.1008
https://doi.org/10.1016/j.bmcl.2005.08.003
https://doi.org/10.1038/s41594-018-0076-y
https://www.ncbi.nlm.nih.gov/pubmed/29872227
https://doi.org/10.1038/s41467-019-11363-x
https://www.ncbi.nlm.nih.gov/pubmed/31366933
https://doi.org/10.7554/eLife.48120
https://www.ncbi.nlm.nih.gov/pubmed/31580259
https://doi.org/10.1371/journal.pcbi.1004477
https://www.ncbi.nlm.nih.gov/pubmed/26444490
https://doi.org/10.1073/pnas.2104093118
https://www.ncbi.nlm.nih.gov/pubmed/34507995
https://doi.org/10.1074/jbc.M006536200
https://www.ncbi.nlm.nih.gov/pubmed/10978338
https://doi.org/10.3389/fphar.2018.00785
https://www.ncbi.nlm.nih.gov/pubmed/30072900
https://doi.org/10.1186/s12885-018-4599-8

Molecules 2024, 29, 2330 19 of 19

71.

72.

73.

74.

75.

Broer, A.; Rahimi, F.; Broer, S. Deletion of Amino Acid Transporter ASCT2 (SLC1A5) Reveals an Essential Role for Transporters
SNAT1 (SLC38A1) and SNAT2 (SLC38A2) to Sustain Glutaminolysis in Cancer Cells. J. Biol. Chem. 2016, 291, 13194-13205.
[CrossRef]

Chiu, M; Sabino, C.; Taurino, G.; Bianchi, M.G.; Andreoli, R.; Giuliani, N.; Bussolati, O. GPNA Inhibits the Sodium-Independent
Transport System 1 for Neutral Amino Acids. Amino Acids 2017, 49, 1365-1372. [CrossRef]

Freidman, N.J.; Briot, C.; Ryan, R.M. Characterizing Unexpected Interactions of a Glutamine Transporter Inhibitor with Members
of the SLC1A Transporter Family. J. Biol. Chem. 2022, 298, 102178. [CrossRef] [PubMed]

Corti, A.; Dominici, S.; Piaggi, S.; Belcastro, E.; Chiu, M.; Taurino, G.; Pacini, S.; Bussolati, O.; Pompella, A. y-Glutamyltransferase
Enzyme Activity of Cancer Cells Modulates L-y-Glutamyl-p-Nitroanilide (GPNA) Cytotoxicity. Sci. Rep. 2019, 9, 891. [CrossRef]
[PubMed]

Gauthier-Coles, G.; Vennitti, J.; Zhang, Z.; Comb, W.C.; Xing, S.; Javed, K.; Broer, A.; Broer, S. Quantitative Modelling of Amino
Acid Transport and Homeostasis in Mammalian Cells. Nat. Commun. 2021, 12, 5282. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1074/jbc.M115.700534
https://doi.org/10.1007/s00726-017-2436-z
https://doi.org/10.1016/j.jbc.2022.102178
https://www.ncbi.nlm.nih.gov/pubmed/35752361
https://doi.org/10.1038/s41598-018-37385-x
https://www.ncbi.nlm.nih.gov/pubmed/30696905
https://doi.org/10.1038/s41467-021-25563-x
https://www.ncbi.nlm.nih.gov/pubmed/34489418

	Introduction 
	Results 
	Hydroxy Proline Scaffold 
	Design of SLC1A4 and SLC1A5 Inhibitors 
	Synthesis of Hydroxyproline Analogs 
	N-Cbz-(Cis- or Trans)-3,4-Epoxy-l-Proline Benzyl Ester 
	Alternative Synthesis of N-Cbz-3,4-Dehydro-l-Proline-Benzyl Ester 7 or N-Cbz-3,4-Dehydro-l-Proline 7a 
	Methyl-, Phenyl-, or Phenol Ether Hydroxyprolines 
	Alkoxy Hydroxy-Pyrrolidine Carboxylic Acids (AHPCs) 

	Pharmacology, Functional Screening of Substituted Hydroxyprolines 
	Hydroxyproline Analogs Inhibit SLC1A4 and SLC1A5 
	BPOHP Pharmacology 

	Computational Docking 

	Methods 
	Chemicals and Reagents 
	Expression and Functional Testing of Amino Acid Transporters Expressed in Xenopus Laevis Oocytes 
	Computational Models and Docking 

	Discussion 
	References

